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The effect of an intense external linear polarized radiation field on the angular distributions and 
polarization states of the photons emitted during the radiative recombination is investigated. It 
is predicted, on symmetry grounds, and corroborated by numerical calculations of approximate re- 
combination rates, that emission of elliptically polarized photons occurs when the momentum of the 
electron beam is not aligned to the direction of the oscillating field. Moreover, strong modifications 
to the angular distributions of the emitted photons are induced by the external radiation field. 
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The capture of a free electron by a positive ion is one of 
the fundamental processes occurring in the electromag- 
netic interaction of charged particles. The recombination 
of an electron with a bare ion is made possible by the 
spontaneous emission of a photon, in order to fulfill both 
energy and momentum conservation. 

In view of its application to the analysis of astro- 
physical and laboratory plasmas as one of the principal 
means to obtain information about their physical condi- 
tions through the observation of the emitted radiation, 
this process has been extensively studied both theoret- 
ically and experimentally. In the last years much work 
has been devoted to radiative recombination (RR) in the 
presence of laser field 

The availability of intense laser sources has stimulated 
theoretical investigation of laser assisted radiative recom- 
bination (LARR) aimed at exploring the spectrum of the 
radiation emitted during the recombination event. In 
the presence of intense monochromatic electromagnetic 
fields, the electron can exchange a large number of pho- 
tons of the assisting radiation field and may recombine in 
a bound state [H, 0, IE] emitting x-rays whose frequency 
depends on the number of the exchanged laser photons, 
according to the energy conservation law: 



= +I f + A + nhuiL (1) 
2m 

In Eq.[TJ ujx(n) is the frequency of the emitted photon, 
p 2 /2m is the incoming electron energy, If is the ioniza- 
tion energy of the bound state in which the electron is 
captured, A = e 2 E^/Amuj 2 L is the ponderomotive shift, n 
denotes the number of exchanged photons, lut, and E the 
frequency and the amplitude of the oscillating laser field, 
e and m the electron charge and the mass respectively. 

From Eq.[T]), it may be easily seen that the spectrum of 
the emitted x-ray results in a series of frequencies evenly 
separated by the assisted field frequency. 
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The main features of the spectra of the emitted radia- 
tion have been found by several authors by treating the 
process in the framework of a Keldysh-type approach, 
where the interaction of the incoming electron with the 
ion in the initial continuum state is neg lected 0]. Slight 
modifications of this scheme have been considered in 
order to take into account, though approximately, the 
electron-ion interaction. In all the proposed treatments, 
the calculated emission spectra show a large plateau due 
to absorption of a large number of photons, followed by 
an abrupt cutoff [3, [1, 111 • 

As it is well known, in the field-free process, when the 
electron recombines with a bare ion in the ground state, 
the matrix element of the electron dipole moment is di- 
rected along the direction of the incoming electron mo- 
mentum, and the emitted photon turns out to be linearly 
polarized. In the dipole approximation, the photon po- 
larization vector lies in the plane formed by the direction 
of the electron initial asymptotic momentum q and the 
one of the wavevector of the emitted photon k 7 . Due to 
the cylindrical symmetry about the axis passing through 
the nucleus, directed along q, the intensity of the emitted 
radiation depends only on the angle between q and k 7 . 
Moreover, the linear polarization degree of the emitted 
radiation is equal to one. 

For the subsequent analysis concerning the photon po- 
larization state emitted in the presence of the radiation 
field it may result more suitable to look at the above 
result in terms of the symmetries of the physical sys- 
tem. In fact, upon reflection in the plane containing q 
and k 7 the system does not change, while the photon 
helicity reverse its sign. Therefore the emission proba- 
bility of photons characterized by opposite helicities and 
equal k 7 is the same, and the unitary value of the de- 
gree of linear polarization of the photon emitted in the 
radiative recombination follows from the property that 
a linearly polarized state may be considered as a super- 
position of two circularly polarized states with opposite 
helicities and equal amplitudes. 

It is the aim of this paper to study the modifications of 
both the polarization states and the angular distribution 
of the emitted photons when the recombination occurs 
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in the presence of a linearly polarized laser. Due to the 
circumstance that the highest coupling between the re- 
combining electron and the assisting radiation takes place 
when the oscillating electric field is directed along the in- 
coming electron momentum q, all the previous study, to 
the best of our knowledge, has been carried out mainly in 
this geometry. As the cylindrical symmetry, in this con- 
figuration, is still maintained, for each emission channel 
characterized by the number of photons that the assisting 
field exchanges with the recombining electron, the angu- 
lar distribution of the emitted radiation depends on the 
intensity of the external field, while the photon polariza- 
tion properties remain unaltered. By changing the angle 
between the direction of the laser field polarization and 
q, the above symmetry breaks down, affecting both the 
polarization states and the angular distribution of the 
emitted photons. 

In order to make quantitative estimations of the exter- 
nal field effects we have to calculate the recombination 
transition amplitude of the electron with a bare ion of 
charge Ze in presence of an intense, spatially and tem- 
porally homogeneous, radiation field that will be taken 
in dipole approximation and treated classically. During 
the recombination emission of x-ray photon occurs with 
simultaneous exchange of laser photons. The x-ray ra- 
diation, characterized by the wavevector k 7 and the po- 
larization vector 6k ,a, will be treated in second quan- 
tization and in dipole approximation. Accordingly, the 
electric field operator associated to a single mode x-ray 
radiation is taken, in Gaussian units, as 

Ex(*)= £ iJ^^^Aa^e-^-ai^) 

A=l,2 

J2) 

with V the quantization volume of the radiation, ak 7 ,A 
and , the annihilation and creation operator, respec- 
tively, for a photon in the state characterized by k 7 and 
A. The nonrelativistic hamiltonian of the atomic system 
interacting with the radiation field reads 

H = H at - eEi • r - eE x • r (3) 

where H at is the field-free atomic hamiltonian H at = 
p 2 /(2m) + Ze 2 /r, r is the electron coordinate and E^(t) 
the external oscillating electric field assumed linearly po- 
larized and directed along the unitary vector e^, El = 
e L E cos(uj L t). 

The transition amplitude of emitting one x-ray pho- 
ton characterized by Ck ,a during the recombination of 
an electron with asymptotic average momentum q from 
a continuum state i/;+(r,i) into a bound state ipo(r,t), 



treating the electron- x-ray photon interaction at the first 
order of the time-dependent perturbation theory, is given 
by (hereafter atomic units will be used) 



/q poo 

(4) 

By assuming the oscillating laser field amplitude E to 
be much less than the interatomic electric field experi- 
enced by the electron in the ground state of the hydro- 
genic ions, tpo (r, i) may be approximated by the field- free 
ground state of the hydrogenic ion with charge Z — 1 and 
energy Z 2 I , where I denotes the hydrogen ground state 
energy. 

Below, the continuum electron state ij/^ will be approx- 
imated by the Coulomb- Volkov ansatz 0, 11,13] ipq(r, t) — 
X q (r,i)w+(r) with 

Xq = exp{i[k h (t) *-\f dt'[q + k L (i)] 2 ]}, (5) 

ki,(i) the quiver momentum imparted to the electrons by 
the intense field, ki_,(t) = e^Eq/ujl) sinw^t, and 



u+ = exp(l/2-Kv) — — -3— 1 F 1 [iv, l,i(q • r-qr)} exp(iq ■ r) 
(2tt)2 

(6) 

the field-free outgoing Coulomb wave (y = Z/q). 

Proceeding in the usual way, by using the Fermi golden 
rule, the differential recombination probability per unit 
time is obtained as a sum of probabilities of single events 
in which the emission of an x-ray photon occurs simulta- 
neously to exchange of n laser photons 

n;A=l,2 

In Eq. ([7]) dfl is the element of solid angle surround- 
ing the vector k 7 and -P n (ek ,a) is the single-channel dif- 
ferential rate of recombination with exchange of n laser 
photons and emission of an x-ray photon with energy 
Hojxin) and polarization vector ek ,a with u>x(n) given 
by Eq. © 

poo ^3 

Pn(e K ,x)=J^ du^\T n (i^,x)\ 2 8[w-w x (n)] (8) 

with T„(et,x) the corresponding transition amplitude 
given by 
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FIG. 1: The coordinate system used to calculate the differen- 
tial recombination rate. The asymptotic electron momentum 
is directed along z; the emitted photon wavevector k 7 points 
into the direction (0,4>); the oscillating electric field, lying in 
the plane xz makes an angle of x with the z axes. 

As shown in Fig. [TJ the emission direction of the x- 
ray photon is specified by the angles 6 and cj>, while the 
angle between el and z, the unit vector indicating the 
incoming electron momentum direction (q = zq), is de- 
noted by x- Without loosing generality, let us denote by 
e"i(0) = £k 7 ,i the linear polarization vector lying in the 
plane containing k 7 and z, and by £2(0) = ek i2 the one 
lying in the xy plane, so that (ei(0), £2(0), k 7 /|k 7 |) form 
a right-handed set of mutually orthogonal unit vectors. 

Upon replacement, in Eq. @, of ek 7l A with e±% de- 
fined by e±i = T[ei(0) ± ie 2 (0)]/V2, the emission rate 
of an x-ray photon with helicity equal, respectively, to 
+1 or —1 is obtained. Below we characterize the polar- 
ization state of the emitted photon through the so called 
Stokes parameter So, Si, S2, S3 10]. These are defined 
in terms of four independent set of measurements giving 
information about the total intensity of the x-ray radia- 
tion and the intensity transmitted by a polarizer oriented 
at particular angles that will be specified below. 

The parameters So = h oc (P„[e x (0)] + P„[e 2 (0)]) = 
P n is given by the total intensity of the radiation of a 
given frequency emitted in a particular direction. Usu- 
ally, the following normalized parameters r\i = Si /So 
(i = 1,2,3) are used. m = {P«[ei(0)] - P„[e 2 (0)]}/P n 
gives the degree of linear polarization with respect to the 
axes along ei(0) and e 2 (0). It is obtained by measuring 
the radiation intensity 7[ej(0)] oc P n [ej(0)] transmitted 
by a polarization filter oriented along the direction of 
ei(0) and e 2 (0); m = {P„[ei (tt/4)] - P„[e 2 (7r/4)]}/P„ is 
the degree of linear polarization with respect to two or- 
thogonal axes rotated by ir/4 with respect to the above 
ones. The degree of circular polarization is given by 



m = (1+ -/-)/( J + + J -) = { p n[e+} - Pn[e-]}/P« with 
i+ oc P n (e_)_) and /_ oc P„(e_) the intensities trans- 
mitted by polarization filters that transmit photons with 
positive or negative helicity, respectively. We remark 
that for the case under study, the radiation is completely 
polarized and, hence, ijf + rfe + 7?| = 1. 

By using Eq. ([9]), calculation of energy spectra, angular 
distributions and degrees of polarization of the emitted 
photons have been carried out at moderate laser inten- 
sities, Ii, = 3 • 10 13 W/cm 2 , for such incoming electron 
energies and nuclear charges that the requirements of ra- 
diation dipole approximation and non relativistic treat- 
ments are satisfied. 

In Fig. [2] the effect of the disalignment between 
and q on the angular distribution of the emitted x-ray 
for selected channels characterized by the number of the 
exchanged assisting-field photons is illustrated by plot- 
ting, as a function of 9, the differential recombination 
rate P n [ei(Q)] evaluated for three different values of the 
angle %, keeping fixed at 45° the value of the angle <j>. 
The incoming electron energy has been taken equal to 
60 eV. The unusual behavior of the differential emission 
rat r •• r " - ' " 1 " • - 
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FIG. 2: Differential recombination rate P n [ei(0)], with ex- 
change of n laser photons, evaluated at three different values 
of x, as a function of the angle 9 between k 7 and q. k 7 points 
in the direction (6,(j>) with x kept at 45°. Full line n = 25; 
dashed line n = 28. 



In the field-free recombination, or when the oscillating 
assisting electric field is directed along the direction of 
the incoming electron momentum, the emission of photon 
along q is strictly forbidden. In fact, the electron states 
involved in the transition are characterized by the same 
magnetic quantum number m = 0, and photon emission 
along q would violate the angular momentum conserva- 
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tion. Instead, if q and £l are not aligned, m ceases to 
be a good quantum number, and the above restriction on 
the emission direction no longer applies. 

Moreover, as already mentioned, the lack of cylindrical 
symmetry affects the polarization states of the emitted 
photons. This is shown in Fig. [3] where together with the 
differential emission rate of x-ray photons into different 
channels characterized by n, for a fixed emission direc- 
tion, are displayed the degrees of polarization 771 , 772 and 
773 as a function of \- We note that, as rjf + ?7§ + rjf = 1, 
the highest degree of circular polarization occurs in prox- 
imity of values of x at which both the linear polarization 
degrees 771 and 772 reach their minimum absolute value. 
The circular polarization degree may be written, by using 
Eqs. (JUSJ), as 



4-Jm{r n [6 1 (0)]-r*[6 2 (0)]} 

m = P»Tp»F = &m ^ (10) 

with i\) the ellipticity angle of the emitted radiation. 




FIG. 3: Panels (a)-(c). Stokes parameters 771, 772, 773 as a 
function of the angle \ for different numbers n of laser photons 
exchanged. Panel (d). Differential recombination rates P n = 
P n [ei(0)] + P n [£2(0)], as a function of the angle \ f° r f° r the 
same values of n. The wavevector k 7 points into the direction 
specified by 9 = 30° ,0 = 45° . 

When eL is parallel to q, T„[e2(0)] is zero because the 
dipole moment transition matrix between states with the 
same magnetic quantum number has no component along 



the direction perpendicular to the quantization axis, and 
V2, f]3 turn out to be zero. Once cl is no longer aligned 
to q, a time-dependent dipole moment with components 
along £i(0) and §2(0) is induced by the driving field. 
Interference between the components of the transition 
dipole moment along these two perpendicular directions 
allows emission of photons whose circular polarization 
degree depends on \ an d their propagation direction. 

For x = 7r /2, r]3 vanishes. This result may be easily 
explained by resolving the periodical part of the dipole 
moment matrix element into terms of its Fourier compo- 
nent. From the invariance of the Hamiltonian under the 
simultaneous reflection in the plane zy and time trans- 
lation of it/lul, it may be shown that T n [e 2 (0)] is zero 
for processes involving exchanges of even numbers of the 
laser field assisting photons, while for odd n, the phase 
difference between T n [ei(0)] and T„[e2(0)] is zero. There- 
fore, according to Eq. [TQl 773 is found to be zero for both 
odd and even n. 

Finally, we observe that by increasing \, the coupling 
of the electron with the assisting radiation field weakens, 
leading to a decreasing of the number of the laser photons 
exchanged during the recombination process. Therefore 
the disalignment of the oscillating field with the incoming 
electron momentum causes the narrowing of the emission 
spectra width. For the channels shown in Fig. [3J when 
X is close to 7r/2 the differential emission rates become 
vanishing small, therefore results for x > 80° have not 
been shown. 

By concluding, we remark that, although numerical 
calculations of the recombination rates have required use 
of approximate wavefunctions, the major goal of our work 
has been to show, on symmetry grounds, that in the pres- 
ence a linear polarized laser, during the recombination 
event, elliptically polarized photons are emitted, the el- 
lipticity depending on the disalignment between the elec- 
tron beam momentum and the oscillating electric field 
direction. Moreover, due to the presence of the external 
field, strong modifications to the angular distribution of 
the emitted photons have been found. 
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